We investigate the density and superfluid-expansion response of an interacting molecular Bose-Einstein condensate of 6 Li atoms upon quenches of a laser speckle pattern. We track the response times on which the system relaxes to a new equilibrium and relate the time scales to fundamental energy scales of the system. We find that the density responds on a time scale which is compatible with both superfluid and classical transport. By contrast, superfluid expansion breaks down an order of magnitude faster than the corresponding density response, which we can relate to phase gradients imprinted on the system destroying superfluid expansion. Further, the time scale on which the system relaxes from a quench out of disorder to superfluid expansion is two orders of magnitude longer than the corresponding density time scale. This suggests complex phase patterns relaxing on long time scales before superfluid expansion is reestablished. Our results shed light onto the importance of long-range phase coherence for superfluid flow, and also suggest a possible route of studying complex phase dynamics in superfluids by imprinting disordered phases.
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Macroscopic quantum phenomena such as superconductivity and superfluidity are central to our understanding of many-body quantum systems and play an important role in emerging quantum technologies [1] . Their fascinating properties are tightly linked to the existence of a global wave function ψ = √ ne iφ , with the particle density n and the quantum phase φ. Long-range phase coherence, i.e. a fixed phase relation between far distant locations in the quantum system, is considered crucial for establishing superfluid properties. Microscopically, a large number of particles occupy the same quantum state phase-coherently, as first recognized by Fritz London in his attempt to give a description of the properties of superfluid 4 He [2] . Ever since, the concept has been invaluable in the description of quantum fluids, particularly for the theoretical understanding and experimental control of Bose-Einstein condensates (BEC) in dilute atomic gases [3] . The macroscopic quantum phase φ has been revealed in interference experiments on BECs, measuring for instance the first-order correlation function [4] [5] [6] [7] , or its dynamics [8] . Phase coherence has also been investigated in experiments observing vortex lattices after rotating perturbation of the system [9, 10] . However, while the global phase and underlying long-range coherence is central to theoretical descriptions of superfluidity, the direct connection of long-range coherence with superfluid transport and expansion dynamics is challenging to access experimentally. Moreover, the relaxation of a non-equilibrium quantum system reestablishing superfluid behavior after a sudden perturbation, driving the system out of superfluid equilibrium, is so far elusive. Quantum quenches, i.e. the sudden change of a parameter of the quantum system, have proven to be a powerful tool for studying the non-equilibrium response of quantum systems. Examples include the collapse and revival * email: widera@physik.uni-kl.de ) is trapped in a superposition of an optical dipole trap (blue tube) and a magnetic saddle potential. The speckle beam (green volume) produces randomly distributed, anisotropic grains. The insets show a section of the speckle intensity distribution in the x-y-plane and an in-situ absorption image of a BEC in disorder. (b) and (c) Sequences for quenches into and out of disorder, respectively. Blue: optical dipole trap depth, green: disorder strength, red: imaging pulse. For measurements probing the expansion dynamics, the optical dipole trap and disorder potential are instantaneously extinguished and the gas is allowed to expand in the saddle potential for a variable time ξ before the density distribution is recorded. The density dynamics are recorded in situ, i.e. with ξ = 0.
of the matter-wave field of a BEC [11] , the transport of atoms in optical lattices [12, 13] , or the response of quasiparticles upon a quench of interaction strength [14] . Be- yond spatially homogeneous or periodic quenches, lattice systems have also been quenched into disorder, and the response was interpreted to show signs of a Bose-glass phase [15] . However, in these works, the relation between the quantum phase φ and transport properties is not investigated. Here, we probe a BEC of 6 Li 2 molecules by sudden quenches into and out of strong disorder. We compare the non-equilibrium response probing two observables. First, we study the density response, which equilibrates the density of the quantum fluid. Second, we probe the expansion dynamics after release from a confining potential and thereby quantify the superfluid response of the quantum gas. We find that the time scale of the density-response dynamics is given by superfluid dynamics and, thus, determined by the velocity field induced by the disorder potential. Superfluid hydrodynamic expansion breaks down once the phase of the wave function is sufficiently distorted upon a quench into disorder. The hydrodynamic behavior only reappears after a time that is two orders of magnitude larger than the time it takes for the density to equilibrate after disorder quenches.
Ϭ͘Ϭ
Experimentally, we prepare quasi-pure molecular BECs of typically 4 × 10 5 6 Li 2 molecules in an elongated harmonic trap using standard techniques of laser and evaporative cooling [16] . The trapping potential is a superposition of an optical dipole trap and a magnetic saddle potential, the latter being anti-confining in z-direction. The trapping frequencies are (ω x , ω y , ω z ) = 2π × (164 Hz, 22.6 Hz, 107 Hz), leading to typical peak densities of n 0 = 4.4 × 10 12 cm −3 at the cloud center. We tune the interaction by means of a magnetic Feshbach resonance, enabling us to adjust the s-wave scattering length a between the molecules [17] . We use the gas parameter n 0 a 3 , which relates a to the intermolecular distance ∝ n −1/3 0 , to quantify the interaction strength. Subsequently, a repulsive optical speckle disorder potential V (r) composed of 532 nm laser light and with typical grain size η 2
x,y × η z = (750 nm) 2 × 10 µm is superimposed on the cloud, where η x,y and η z are the correlation lengths along the respective directions [16, 18] . We characterize the disorder strength by the spatially averaged potential V .
In our case, the condensate's healing length at the trap center ξ = 1/ √ 8πn 0 a, i.e. the length scale on which the condensate's wave function can react to a perturbation, is well below the grain size for all interaction strengths considered [16] . Therefore, the condensate resolves all details of the speckle [19] . The introduction of the random potential affects the BEC in two ways. First, the density distribution n readjusts to the altered external potential in order to minimize the energy of the system. Second, the phase is locally and dynamically shifted by ∆φ(r) = V (r)τ / [20] , where is the reduced Planck constant and τ the illumination duration. Importantly, for quantum fluids, both effects are coupled via [20] 
because a phase gradient is the source of a flow of density nv with velocity field v. First, we consider the impact on density. Molecules are repelled from the regions of large potential, leading to spatial density variations albeit no full fragmentation, the classical percolation threshold being far below the chemical potential [21] . We probe the density variations by measuring the in-situ column-integrated density distribution via resonant absorption imaging. We then quantify the degree of density variation of these images as
where ∆n = n − n fit is the difference between the measured density distribution n and a fitted 2D Thomas-Fermi profile n fit , and the brackets denote averaging over all pixels of the absorption image where n fit > 0. Hence, ∆n represents the local, disorder-induced deviation from a smooth density profile. The disorder effect on the density is shown in Fig. 2 (a) , where the disorder is applied within 50 ms. The degree of density variation σ saturates once the mean speckle potential V approaches half the chemical potential µ. This is explained by the assumption that the density distribution mirrors the shape of the disorder potential. Thus, σ is given by the standard deviation of the speckle potential σ s = V 2 − V 2 in the region that can be explored by the BEC, i.e., where V < µ. We obtain σ s from a numerical simulation of the disorder [16] and find that it explains the observed values of σ without any free parameters.
We probe the density response to a quench both into and out of the disorder potential. For quenches into disorder, we create a BEC and instantaneously (< 1 µs) turn on the speckle for a time τ on (see Fig. 1 (b) ). The gas rearranges its density as a consequence of the modified external potential, and the emerging variations σ are recorded as a function of time. Quenches out of disorder are realized by slowly introducing the speckle during a 50 ms linear ramp, in order to minimize excitations in the gas, and subsequently waiting for 100 ms to let it equilibrate. Then we suddenly extinguish the speckle and wait for a variable time τ off , during which the initially varying density can relax ( Fig. 1 (c) ).
A typical density-response dynamics is shown in Fig. 2 (b) . The variations develop (vanish) on a characteristic time scale for quenches into (out of) disorder. In the following, we denote the half-life period τ 1/2 as the characteristic time after which variations have reached half their final value. We extract the half-life periods by fitting the time series with Gompertz functions [16, 22] , which we have found to adequately describe all data. In Fig. 2 (c), we show the half-life period for the density response as a function of disorder strength. For all cases, we observe a time scale of a few hundred microseconds. For quenches into disorder, we find that the half-life period decreases with disorder strength. This can be understood by the following argument: after switching on the speckle, the random potential causes a spatially varying accumulation of phase and, therefore, a local velocity field according to Eq. (1). We are interested in the typical time t d on after which the flow has traversed a given distance, which we set to the resolution of our imaging system α = 2.2 µm. Thus, we estimate the mean velocity from the average gradient ∝ V /η x,y of the local disorder potential, yielding t d on ∝ η x,y / V [16] . In addition, we have investigated the influence of interaction strength on the density dynamics and found slightly larger response times for decreasing interaction strength [16] . For quenches out of disorder, the inhomogeneous density itself drives the equilibration. We don't find any dependence of the half-life period τ off 1/2 ≈ 250 µs on either disor- [16] . For short times, the measured trajectory for T < TC agrees well with the calculated one. For longer times, aberrations due to the accelerating motion of the cloud along the imaging axis distort the measured aspect ratios, but qualitative agreement remains. Insets show absorption images for the case T < TC after 0 ms, 13 ms, and 23 ms expansion. (b) Condensate fraction and peak aspect ratio versus temperature for n0a 3 = 0.4 × 10 −3 . The gray line is a theory prediction incorporating an interaction shift of the critical temperature [25] . The dotted line serves as a guide to the eye.
der or interaction strength. Various experimentally relevant dynamical scales are compatible with the observed response-time scale, including the speed of sound in the condensate, the average thermal velocity or the velocity associated with classical oscillatory dynamics, which all lie within the range 1-10 mm s −1 , prohibiting the identification of the dominant microscopic transport mechanism. Moreover, theory predicts a disorder-induced depletion of the condensate and superfluid density [23, 24] , which would allow for a combination of coherent and classical transport contributing to the density dynamics. We next turn to the superfluid response of the quantum gas. In fact, the response of a BEC upon release from a confining potential is entirely different from e.g. a non-interacting, thermal cloud. The existence of ψ implies collective dynamics that are similar to the hydrodynamic behavior of frictionless fluids [20] . Such superfluid hydrodynamics leads to an inversion of the cloud aspect ratio during expansion from an anisotropic trap, which is a strong indication for BEC [3] . Systems with strong interactions, such as unitary gases, also exhibit this phenomenon [26, 27] . This collisional hydrodynamics is caused by frequent scattering events during expansion and is therefore not connected to a macroscopic wave function.
In our trapping geometry, expansion is initiated by extinguishing the dipole trap beam and letting the cloud evolve in the stationary saddle potential. Superfluid hydrodynamics manifests itself as a sharp peak in the aspect ratio during expansion [16] whose magnitude we use as a measure of coherence, similar to a method proposed in [28] . Fig. 3 (a) shows the dynamics of the aspect ratio for two cloud temperatures T below and above T C , the critical temperature for condensation. The aspect ratio of a quasi-pure BEC with T < T C exhibits a pronounced peak with value around 10 at roughly a quarter trapping period along the long axis of the cloud. By contrast, the aspect ratio of the thermal cloud, for which T > T C , varies slowly and the peak value of ≈ 2.5 is larger than 1, which is the expected value for a gas with negligible interactions. We attribute this to a short initial phase of collisional hydrodynamics [29] due to the relatively large s-wave scattering length of a = 2706 a 0 , where a 0 is the Bohr radius.
This interpretation of the aspect ratio to quantify superfluidity is supported by Fig. 3 (b) comparing the onset of superfluid hydrodynamics, quantified by the peak aspect ratio during expansion, with the appearance of a condensate fraction in the cloud and, therefore, a macroscopic wave function.
In order to probe the influence of disorder quenches on the expansion dynamics, we use a similar sequence as for the density response. Instead of imaging in situ after quenches into and out of disorder, the density distribution is recorded after variable expansion time ξ. From these time series, we extract the peak aspect ratio. Importantly, during expansion, the disorder potential is always off. Fig. 4 (a) shows the peak aspect ratio as a function of time after a quench into and out of disorder. We find that superfluid hydrodynamics is destroyed one order of magnitude faster than the density can respond, while it takes two orders of magnitude longer than the density response to restore superfluid expansion again. This is consistently observed for all disorder strengths applied, as shown in Fig. 4 (b) . Also here, simple arguments allow to relate the observed time scales to energy scales of the system. We attribute the breakdown of superfluid hydrodynamics to the phase imprint onto the BEC by the disorder potential, which is given by ∆φ(r) = V (r)τ on / . The phase pattern changes on length scales of the disorder correlation length, which is much smaller than the size of the quantum gas, and roughly a factor of two larger than the healing length of the condensate. Thus, the quench initiates a rapid and fine-grained phase evolution, eventually leading to dephasing between different locations within the cloud. From the mean phase difference δφ = V τ on / between two points in the BEC, we deduce the time scale for breakdown of superfluid hydrodynamics t h on = / V . This argument indeed reproduces well the observed time scales and their dependence on the disorder strength. By contrast, the long time to reestablish superfluid hydrodynamics can be compared to the longest time scales in the system, i.e. the time t h off a signal needs to traverse the long axis of the cloud with the speed of sound, t h off = 2R y /v s , where R y is the largest Thomas-Fermi radius of the BEC. Furthermore, we observe that the superfluid hydrodynamic response is rather independent of interactions in the gas, see Fig. 4 (c).
The following picture emerges from our investigations. Superfluidity is destroyed by disorder quenches much faster than the density responds, which underlines the importance of long-range phase coherence for superfluid flow. Furthermore, superfluid expansion is absent for long times, even when the density is already fully in equilibrium. We conclude that the phase obviously has not yet established long-range coherence. We attribute this to the decay of a complex phase pattern toward an ordered phase, where, for instance, phase boundaries or vortices originating from the disorder quench need a relatively long time to decay. This picture directly connects our observation to the recently reported absence of hydrodynamic behavior in BECs, where turbulence was introduced by applying a spatially homogeneous, oscillating force [30, 31] . Numerical simulations show that random phase imprints, spatially varying on a length scale slightly larger than the healing length, also result in turbulent flow [32] . Turbulence and accompanying vortices can be rather persistent with lifetimes exceeding several 100 ms [10, 30] . This suggests that the phase dynamics ensuing after a disorder quench might generate turbulent flow that takes a relatively long time to decay before long-range phase coherence is established. The surprising fact that we do not see a sign of this in the density distributions for times longer than ∼ 1 ms after quenches might be explained by the limited optical resolution of α = 2.2 µm of our imaging system. In turbulent flow, an energy cascade [30] could transfer excitations to smaller length scales we are unable to resolve.
In the future, it will be interesting to study the dynamical response of quantum gases along the BEC-BCS crossover to explore the impact of dynamical disorder on resonantly interacting superfluids. Also, our system is ideally suited to further follow the phase dynamics and its dependence on quench parameters.
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In the following, details on the experimental procedure, the theoretical models and additional data are given.
Setup and sequence
A general overview of our experimental apparatus is presented in [34] . We prepare quantum gases in the BEC-BCS crossover regime by forced evaporative cooling of fermionic 6 Li atoms in an equal mixture of the two lowestlying Zeeman substates of the electronic ground state 2 S 1/2 . Evaporation takes place in a hybrid magneticoptical trap at a magnetic field of 763.6 G on the repulsive side of a Feshbach resonance centered at 832.2 G [35] , where atoms of opposite spin form bosonic molecules that eventually condense into a BEC. After evaporation, the sample is held at constant trap depth of 330 nK × k B for 250 ms to ensure thermal equilibrium before the magnetic field is linearly ramped to its final value during 200 ms. We employ resonant high-intensity absorption imaging [36] to extract the column density distribution in the x-y-plane. From bimodal fits to the in-situ density distribution [25] at 680 G, we are not able to discern a thermal fraction.
The hybrid trap consists of an optical dipole trap and a magnetic saddle potential, which provides weak (anti-) confinement in (z-) xand y-direction, whereas the optical trap strongly constrains the cloud along x and z. Since the saddle potential is an accessory to the magnetic field used to address the Feshbach resonance, its curvature depends on the field magnitude. For all experiments presented here, the combined trapping frequencies of optical and magnetic trap are ω x = 2π × 164 Hz and ω z = 2π × 107 Hz. ω y is listed in Table I for the different addressed magnetic fields.
The speckle potential is created by passing a laser beam of wavelength 532 nm through a diffusive plate and focusing the light, using an objective with numerical aperture 0.29, onto the atoms. They experience a repulsive and spatially random (but temporally constant) dipole potential V , which we characterize by its average V at the focal point of the objective. The typical grain size of the speckle is given by the Gaussian-shaped autocorrelation function of the potential with 1/e widths (correlation lengths) η x,y = 750 nm transversely to and η z = 10 µm along the beam propagation direction. As the speckle beam has a Gaussian envelope with waist 850 µm, the disorder potential is slightly inhomogeneous with less than 5 % variation of V across the typical cloud size. We change the specific disorder realization by slightly rotating the speckle pattern as a whole between repetitions. For that reason, the diffusive plate is attached to a motorized rotation mount. This allows us to measure disorder-averaged quantities that are independent of the microscopic details of any specific disorder realization.
BEC properties
All properties of the BEC are calculated from the Gross-Pitaevskii equation in Thomas-Fermi approximation. Due to the large gas parameters n 0 a 3 ∼ 10 −2 at higher magnetic fields, the mean-field treatment becomes less accurate [37] . The Thomas-Fermi approximation however is well justified, since the condition N a/ā 1 [20] is fulfilled for all magnetic fields (see Table I ). N is the number of molecules andā = /mω the harmonic oscillator length that corresponds to the geometric mean of the trapping frequenciesω. For the calculation of the speed of sound and healing length, we use v s = µ/m and ξ = 1/ √ 8πn 0 a, which are strictly valid only for homogeneous BECs.
Measurement of density variation
We quantify the degree of density variation of a measured density distribution n as σ = ∆n 2 − ∆n 2 , with ∆n = n − n fit and n fit a smooth, 2D Thomas-Fermi profile ∝ 1 − (x/R x ) 2 − (y/R y ) 2 3/2 fitted to n.
Here, the brackets denote averaging over all pixels with n fit > 0. Due to aberrations and inhomogeneities of the imaging setup, σ is larger than zero even for density profiles without disorder. We correct for that by subtracting this offset. In order to extract the half-life period from the density response dynamics (see Fig. 2 (a) ), we fit the time series with a Gompertz function ∝ exp(−b exp(−ct)) [22] . The half-life period is obtained by calculating τ 1/2 = − log(log(2)/b)/c, where log is the natural logarithm.
Cloud expansion into a saddle potential
The time evolution of a BEC with initial density distribution n(r, t = 0) in a harmonic trap with time-dependent frequencies ω i (t) (i = x, y, z) can be described in terms of a scaling transform n(r, t) = n(x/b x , y/b y , z/b z , t)/b x b y b z [38] . b i (t) are the scaling parameters that are obtained from the solution ofb
with boundary conditions b i (0) = 1 andḃ i (0) = 0. For our system, ω x,y,z (0)/2π = 164 Hz, 22.6 Hz, 107 Hz for 763.6 G. With decreasing magnetic field, also ω z (0) decreases slightly (see Table I) while ω x (0) and ω z (0) are solely determined by the optical trap. Upon extinction of the dipole trap at t = 0, the trapping frequencies instantaneously take on the values ω x,y,z (t) = ω y (0), ω y (0), i √ 2ω y (0). The imaginary frequency reflects the anti-confining nature of the saddle potential along z. Note that Eq. (A1) neglects the contribution of the quantum pressure ∝ ∇ 2 √ n [20] . Fig. 6 shows the dynamics of the scaling parameters during expansion. The confinement of the saddle potential in the x-y-plane causes oscillatory behavior therein, while the anti-confinement along z stretches the cloud ever-increasingly. In contrast, a non-interacting cloud doesn't exhibit collective behavior and each particle escapes with its momentary velocity at the time of release. This facilitates an analytical de-scription of such ballistic expansion dynamics in terms of a scaling transform [3] , the corresponding trajectories are displayed in Fig. 6 . The most distinct feature of hydrodynamic expansion, as compared to ballistic expansion, is the contraction and subsequent expansion of the cloud along its initially longer axis, or equivalently, a peak in the aspect ratio.
Description of timescales
Density response After the quench into disorder, the random potential causes a spatially varying accumulation of phase ∆φ = V t/ , resulting in a velocity field according to v = /m∇φ. We can only detect density variations once their size exceeds the resolution α = 2.2 µm of our imaging system. Therefore, we are interested in the typical time t d on after which the flow has traversed the distance α. Thus, we estimate |v| in order to be able to calculate ∆s = 1/2 |a| t 2 , where |a| = d |v| /dt = |∇V | /m. Since the only relevant length and energy scale of the speckle in the imaging plane are given by V and the correlation length η x,y , the magnitude of the mean speckle gradient must be proportional to V /η x,y . Indeed, a numerical simulation provides (∇V ) x = (∇V ) y = V /η x,y , yielding |∇V | = √ 2 V /η x,y . This leads to the estimation
Once the speckle potential is rapidly extinguished, the density redistributes so as to adapt to the altered external potential. We assume that the typical speed of flow is given by v. We can only detect the redistribution as long as it occurs on a length scale larger than α. This yields the estimation t d off = α/v. Plugging in either the speed of sound v s , the average thermal velocity from the Maxwell-Boltzmann distribution ∝ k B T /m (T < 100 nK), or the maximum velocity during a classical harmonic oscillation R x ω x in the dipole trapping potential yields values close to the observed times. R x denotes the Thomas-Fermi radius of the condensate along x.
Superfluid hydrodynamic response Since we attribute the breakdown of hydrodynamics to the loss of phase coherence, it must be related to the spatially varying phase accumulation after the quench. The mean phase difference between two points in the BEC after time t is δφ = ∆V t/ , with the mean speckle potential difference ∆V = |V (r) − V (r )| . From the numerical simulation we obtain ∆V = V , yielding t h on = / V . In order to incorporate the differences in initial (A i ) and final (A f ) peak aspect ratio in t h on , we Depicted is the ratio between molecule numbers after the quench out of and before the quench into disorder in the measurement series probing the density response. (c) Relative losses during τ off = 150 ms after a quench out of disorder. Shown is the ratio between the molecule number after τ off and directly after the quench.
Additional data
Losses Introducing the speckle causes particle losses through several mechanisms. Since the mean disorder potential, chemical potential and optical trap depth are of similar magnitude, mere extrusion from the trap might occur. In addition, the presence of disorder can locally increase the density and thereby favor inelastic processes. Fig. 7 (a) shows the molecule number of the measurement series probing the density response at 763.6 G, which decreases roughly linearly with disorder strength. For magnetic fields below 720 G, we observe increased losses ( Fig. 7 (b) ) of up to 30 %. This is, in part, caused by enhanced collisional relaxation of molecules into deeply bound states, an effect that leads to molecule losses and rapidly increases with decreasing scattering length [39] . Importantly, there are no significant losses during the waiting time τ off after quenches out of disorder, as shown in Fig. 7 (c) . The variations around 0 and error bars reflect the typical particle number variation in our experiment. This excludes speckle-induced heating and subsequent evaporation as the origin of the breakdown and reoccurrence of hydrodynamics.
Density response dynamics Fig. 8 (a) depicts the interaction dependence of the half-life periods of the density response for quenches into and out of disorder. τ on 1/2 decreases for increasing interaction strength, which is not captured by t d on . This is due to the simplicity of the model, which merely accounts for the initial phase of density redistribution, which is independent of parameters such as the interaction strength. In Fig. 8 (b) , the maximum density variation for variable interaction strength is shown.
Numerical simulation of optical speckle
We use a simple numerical approach to simulate a homogeneous 2D speckle pattern, which serves as an approximation of the inhomogeneous 3D disorder potential we create in the x-y-plane in the experiment. This is justified, as the typical cloud size ∼ 200 µm along y is much smaller than the diameter of the speckle envelope ≈ 1.7 mm. Furthermore, the correlation length perpendicular to the x-y-plane is much smaller than in this plane and comparable to the cloud size along z. Numerically, the (scalar) electric field distribution of a speckle is readily obtained from the discrete fast Fourier transform F(P ) of a 2D array P filled with random phase factors [40] . Thus, each entry (k, l) of P is given by P k,l = exp (2πiR), where R is a continuous random variable being uniformly distributed in the interval [0, 1). In order to increase the smoothness of the output of F, R is zero-padded. Since we are interested in the speckle intensity distribution S, we calculate S = |F (P )| 2 . From here on, it is straightforward to derive quantities such as the mean potential gradient from S.
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